With the aid of two kinds of spin-labeled protohemins, the nature of the heme-protein interaction of various hemoproteins was investigated. Di-and monospin-labeled protohemins were prepared from protohemin and 2,2,5,5-tetramethyl-3-aminopyrrolidine-1-oxyl. The spin-labeled hemins were recombined with apoproteins of hemoglobin (Hb), myoglobin (Mb), cytochrome c peroxidase (EC 1.11
1.11.1.7). Electron paramagnetic resonance spectra of the di-and mono-spin-labeled hemoglobin in 0.1 M potassium phosphate buffer, pH 7 .0, at 20'C exhibited moderate immobilization of the labels, while that of cytochrome c peroxidase showed stronger immobilization. Di-spinlabeled horseradish peroxidase showed an EPR spectrum of a simple broad line with peak-to-peak line width of 35 G. This broadening is due to spin-spin interaction between the two labels attached at the 6-and 7-positions of the porphyrin ring. Ligand binding to the spin-labeled hemoproteins altered the EPR line shapes and amplitudes. The former is attributed to the changes in the mobility of the labels and the latter to the magnetic dipolar interaction between the heme iron and free radical. From the strength of this interaction the distance between the iron and the nitroxide radical may be calculated. In the hemoproteins examined, the distances are: Hb 12.5 A, Mb 12.0 A, cytochrome peroxidase -14 A, and horseradish peroxidase 9.0A.
McConnell and his associates (1) (2) (3) have spin-labeled the ,B-93 cysteine residue of hemoglobin and observed that the electron paramagnetic resonance (EPR) spectra of the attached label changes upon interaction of the hemoglobin with oxygen and other ligands. They suggested that these spectral changes reflect the conformational changes of hemoglobin that accompany ligand interactions. Since the label was attached to the protein moiety, structural information in the immediate vicinity of the heme group was not obtained from the sulfhydrylbound label. Therefore, we have prepared a spin-labeled heme (I) in particular those in which the heme group can be reversibly removed. As shown in previous papers (4, 5) , spin-labeled protohemin can be combined with apocytochrome c peroxidase to obtain spin-labeled cytochrome c peroxidase (EC 1.11.-1.5). The EPR studies of this spin-labeled enzyme indicated that the motion of the labels attached to side chains 6 and 7 of the heme group was strongly restricted in the holoenzyme. The result was in good accord with the conclusion drawn from recombination experiments of apocytochrome c peroxidase with various heme derivatives (6) (7) (8) . This paper describes the preparation of spin-labeled hemoglobin, myoglobin, and horseradish peroxidase (EC 1.11.1.7), and comparison of the EPR spectra of these spin-labeled hemoproteins with those of spinlabeled cytochrome c peroxidase (5).
MATERIALS AND METHODS
Protohemin hydrochloride was purchased from Sigma. The method of preparation of di-spin-labeled protohemin (I) was described previously (5). Mono-spin-labeled protohemin was prepared by the partial reaction of the hemin with the nitroxyl free radicals, followed by purification through column chromatography on silica gel G (Brinkmann). The spin-labeled protohemes were recombined with apoproteins of hemoglobin from human blood, myoglobin from skeletal muscle of sperm whale (Calbiochem), horseradish peroxidase (Sigma, Type VI), and cytochrome c peroxidase (5 
RESULTS
EPR spectra of spin-labeled hemnoproteins X-band EPR spectra at room temperature of di-spin-labeled ferrimyoglobin, cytochrome c peroxidase, and horseradish peroxidase in 0.1 potassium phosphate buffer, pH 7.0, are compared to that of free spin-labeled protohemin in dimethyl sulfoxide in Fig. 1 . The spectrum of spin-labeled hemoglobin is similar to that of spin-labeled myoglobin (compare Fig. 4 ). Di-spin-labeled myoglobin and hemoglobin show EPR spectra of so-called "moderately" immobilized labels, which indicates the similarity in the heme environments in these two hemo- proteins. Upon denaturation of the protein, or splitting of the spin-labeled heme from the apoprotein, the EPR spectra of free spin-labeled protohemin appears. The epr spectrum of di-spinlabeled cytochrome c peroxidase shows stronger immobilization of the bound labels (Fig. 1C) . Di-spin-labeled horseradish peroxidase, on the other hand, shows a spectrum with a simple broad line, as seen in Fig.  1D . The peak-to-peak line width of the signal is approximately 35 G. Since no broadening of this type has ever been seen for the labels dissolved in solutions of various viscosities, the unusual line shape of the signal must be due to the interaction between two paramagnetic components, the interaction between the two neighboring spin-labels, and (or) the interaction between the label and the heme iron. The alternatives can be distinguished by comparison with the mono-spinlabeled protohemin having only one label at the 6-or 7-(propionic acid) positions of the porphyrin ring. As seen in Fig.  2B , the EPR spectrum of mono-spin-labeled horseradish peroxidase shows no significant broadening. This result suggests that the broadening in di-spin-labeled horseradish peroxidase is due to the spin-spin interaction between the two labels attached at the 6-and 7-positions of the porphyrin ring. increases the amplitude of the central resonance, while the addition of fluoride decreases it. These phenomena cannot be explained by the change of the rotational mobility of the labels since the line shape of the signals is not significantly affected. Therefore, the change is attributed to the change in the spin state of the heme iron. As already well established, cyanide and azide form low-spin complexes with ferrimyoglobin. A decrease in the magnetic moment and (or) a decrease in the electron-spin relaxation time of the iron will diminish the interaction of the iron with the labels, causing an increase in the amplitude of the central resonance (compare ref. 9 ). On the other hand, fluoride forms a high-spin complex with a larger magnetic moment and a longer electron-spin relaxation time, both of which will lead to a stronger dipolar interaction with the labels, resulting in a decrease of the central line amplitude.
A similar type of spectral amplitude change due to the spin-spin interaction between a spin label and closely located paramagnetic metal ion was reported in spin-labeled creatine kinase by Taylor et al. (10) . Ligand binding to spin-labeled hemoglobin gave similar effects to those of myoglobin, again indicating the similar local structure of these two hemoproteins.
The intimate relationship between the spin state of the heme iron and the signal amplitude of spin-labeled ferric hemoproteins was confirmed by a comparison of the EPR data with the optical spectra. The mono-spin-labeled myoglobin has an absorption spectrum of a mixture of high-and low-spin forms at pH 7.0 and at 230C, which is converted to that of completely low-spin compound by the addition of cyanide and to that of high spin by the addition of fluoride ( Table 1) .
The effects of ligand binding on the EPR spectrum of spinlabeled horseradish peroxidase are even more pronounced, as shown in Fig. 2 . The addition of cyanide increases the central resonance amplitude about 2.5 times, while the addition of fluoride decreases the amplitude one-third.
DISCUSSION
The present and previous (5) label in the molecule is unequivocally known, the information obtained by this method can be directly used for better understanding of the structure-function relationship of either the dissolved or crystalline hemoproteins. The observed differences in EPR spectra obtained from different spin-labeled hemoproteins are related to different heme environments in the hemoproteins examined. The similarity of EPR spectra between spin-labeled hemoglobin and myoglobin correlates with the similar oxygen-binding capacity of these two hemoproteins. The general structure in the vicinity of the heme in these two hemoproteins has already been shown to be similar by x-ray crystallography (11, 12) . The lesser degree of immobilization of the labels in spin-labeled myoglobin and hemoglobin than those in peroxidases may be attributed to the intramolecular orientation of the heme groups in the hydrophobic crevice of the molecule; the propionic acid side-chains extend out of the heme pocket into the surrounding solution.
In myoglobin one of the propionic acid groups bends toward the F helix, forming a hydrogen bond to a ring nitrogen of His FG3 (11, 13) . Another is bonded to Arg CD3. Thus, the two propionic acid chains are situated on different sides of the heme plane, which keeps them far apart. This structural feature may well explain why we do not see magnetic interaction between the two labels attached at the 6-and 7-positions of the porphyrin ring in di-spin-labeled hemoglobin and myoglobin. On the other hand, di-spin-labeled horseradish peroxidase shows a strong magnetic interaction between the two labels, which suggests that they are located close to each other in the molecule. The heme pocket in horseradish peroxidase is envisioned to be somewhat smaller than those in other hemoproteins.
With regard to magnetic dipolar interaction between heme iron and spin labels, spin-labeled horseradish peroxidase shows the strongest interaction; this implies a closer distance between them. In hemoglobin and myoglobin, considerable interaction of the heme iron with spin labels was observed as the change in the signal amplitude upon binding of ligand to the heme. In spin-labeled cytochrome c peroxidase, however, all three components, heme iron and two labels, appear to be too far apart to show significant magnetic dipolar interaction among them (5) . In this case, ligand binding changes the mobility of the labels, and this suggests conformational change of the protein upon ligand binding (5) .
A description of the effects of dipolar interactions between pairs of unlike spins bound to the same macromolecule has been recently presented (9) . The theoretical treatment is strictly applicable only to pairs of spins embedded in a rigid lattice. The line shape of the spin-labeled hemoproteins shown here corresponds to rotational correlation times of approximately 4 X 10-8 sec (1) . Thus, to a good approximation, the nitroxide radical may be considered essentially rigid in the time scale of its own anisotropic hyperfine coupling (aN'1 2 X 10-9 sec). The relevant correlation time for the dipolar interaction is the electron-spin relaxation time of the iron. The magnitude of the interaction is given by
where g is the electronic g factor of the observed spin, ,u and r are the effective magnetic moment and the relaxation time of the spin that interacts with the observed spin, and r is the distance between the two spins. Thus, in spin-labeled hemes, the spin label will respond to changes in the spin state Iu and the relaxation time r of the heme iron and the distance r. We have used the low-spin CN-complexes as a "diamagnetic" control. The small magnetic moment and extremely short relaxation times of the CN-complexes make the dipolar interaction negligibly small. Values for the electron-spin relaxation time of the heme iron may be estimated from the EPR spectrum of the iron signal From the magnitude of the dipolar interaction, the distances between the spin label and the iron atom in hemoglobin and myoglobin are estimated to be 12.5 and 12.0 A ( Table 2) . From observation that the line shape of the nitroxide signal is not appreciably distorted by the dipolar interaction, we estimate that the N-0 * radical is oriented in such a way that the angle between the direction normal to the plane of the five-membered ring and the iron atom is 20°.
In horseradish peroxidase, the distance is estimated at 9.0 A. Poorer signal-to-noise ratios make changes in line shape difficult to ascertain, and this precludes any evaluation of relative orientation.
In an investigation of the possible distance between the N-O group and the iron atom, a model of the spin label was directly attached to the heme group of an atomic model of hemoglobin, courtesy of Dr. M. F. Perutz (personal communication). Steric restrictions make it impossible to bring the distance to less than 12 At, the most probable value being nearer 13 A, which agrees very well with our calculation of about 12.5 A. This supports the idea that the structure of hemoglobin in the dissolved state is similar to that of the crystal.
On the basis of these results obtained with mono-and dispin-labeled hemoproteins, the relation of the heme iron and spin labels is schematically shown in Fig. 5 . In myoglobin and hemoglobin, the two labels are well separated from each other, but at least one of the labels is located close to the heme iron. In cytochrome c peroxidase the paramagnetic components are relatively far apart, but in horseradish peroxidase, they are situated close together and produce a strong magnetic dipolar interaction.
Although the present paper deals only with the results obtained from the ferric form of spin-labeled hemoprotein, determination of the effect of oxygen or carbon monoxide on the EPR spectra of the ferrous hemoglobin and myoglobin is another important approach for understanding of their biological activity. The method can also be extended in the study of cooperativity between subunits of the hemoglobin by spinlabeling one of the subunits. The comparison of enzyme-substrate complexes of spin-labeled horseradish peroxidase and cytochrome c peroxidase is also an interesting problem to be investigated. 
